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1. OVERVIEW

We present a biophysical, minimal mathematical model to understand
the effects of aging on hippocampal cellular excitability. We show how
small changes in ion channel expression in model CA1 pyramidal cells
reproduce known electrophysiological markers of aging, and predict
differences in other firing behaviors not previously compared in young
and aged cells. We unravel possible mechanisms underlying changes
in excitability in aged cells.

2. BIOPHYSICAL MODEL OF CA1 PCs

Expressions derived from first principles; currents
are electrodiffusion-based.

• Time-dependent change in membrane potential
•Membrane capacitance

Cm
.
V = IS − INa − ICaL − IKD − IKCa − INaK

• Stimulation
• Transient sodium current
• L-type calcium current
•Delayed-rectifier potassium current
•Calcium-dependent potassium current
• Sodium-potassium pump current

• Time-dependent change in probability of KD channel opening

.
X =

x∞(v)− x
τx(v)

•Membrane time constant
• Steady state minus probability of opening at time t

• Time-dependent change in intracellular Ca2+ concentration

.
C = rCa (cmin − c) − kCa ICaL

•Removal rate
•Minimum minus current concentration
•Current to concentration conversion
• L-type calcium current

• Ionic current

Ix = āx px sinh
[ qzx

2kT
(v − vx)

]
•Maximal amplitude
• Probability of opening
• Electrochemical driving force

•Maximal current amplitude

āx = Nx T ãx
√

[x]i[x]e

•Number of channels
• Absolute temperature
•Channel properties e.g. pore shape
• Internal/external ion concentrations

3. FIRING BEHAVIORS UNDER CURRENT STIMULATION

Stronger adaptation in aged PCs produced by
increased Ca2+ (Cav1.2) expression.

Figure 1: Left: Responses of CA1 PCs from young and aged ani-
mals to 800 ms ∼200 pA pulse (from Moyer et al., J Neurophysiol.
1992;68(6):2100-9). Right: Responses of model CA1 PCs to 800 ms
100 pA pulse. Aged PCs had increased Ca2+ channel expression
(aCa = 6 × 103 vs. aCa = 3 × 103 in young). Parameters: aNa = 103,
aKD = 1.5 × 104, aKCa = 8 × 102, aNaK = 10, rKD = 1, rKCa = 1,
v0.5Na = −19mV , v0.5CaL = 3mV , v0.5KD = −1mV , rCa = 7 × 10−4,
kCa = 8× 10−9.

Figure 2: First 100ms of responses in Fig 1, showing piking (top),
Ca2+ currents (middle), and Ca2+-dependent K+ currents for young
(black) and aged (red) PCs.

Larger afterhyperpolarizations in aged PCs produced
by increased Ca2+ (Cav1.2) expression.

Figure 3: Responses of
young and aged CA1
PCs to 100ms pulse.
Current adjusted to pro-
duce 4 spikes (young:
80 pA; aged: 100 pA).
Insets: Zooms of spikes
(left) and AHPs (right).
Parameters same as in
Fig 1 except: aNa =
2 × 103, aKD = 2 × 104,
aKCa = 103.

Conditional bursting in PCs produced by changes in
channel expression, kinetics, and Ca2+ handling.

Figure 4: Responses of young and aged CA1 PCs to 800ms 30-100pA
pulses. Ca2+ channel expression increased in aged PCs as previ-
ously. Changes in other parameters produce bursting: aNa = 3× 103,
aKD = 2.4 × 104, aKCa = 103, rKD = 2.5, rKCa = 1, rCa = 4 × 10−3,
kCa = 2× 10−8.

4. RESPONSES TO LOCAL FIELD POTENTIAL INPUT

Aged PCs show shorter bursts in response to LFPs.

Figure 5: Responses of young and aged CA1 PCs to LFP input as
modeled by an Ornstein-Uhlenbeck process with an input current of
40pA and a standard deviation of 20. Same parameters as in Fig. 4.

5. SPONTANEOUS ELECTRICAL ACTIVITY

Endogenous bursting produced by changes in
channel expression and kinetics. Aged PCs show
shorter and progressively later bursts.

Figure 6: Left: Endogenous bursting recorded from adult CA1 PCs
(from Golomb et al., J Neurophysiol. 2006;96(4):1912-26). Right: En-
dogenous bursting in model CA1 PCs. Parameters as in Fig. 4 except:
aKD = 2.1× 104, aKCa = 7.5× 102, rKD = 1.5, rKCa = 1.5

Figure 7: Left: Endogenous bursting in model CA1 PCs. Parameters
as in Fig. 6. Aged (red): aCa = 6× 103 vs. young (black): aCa = 3× 103.
Right: Zoom of left trace to show AHPs and progressive shift in burst
times in aged PCs.

6. RESPONSES TO SYNAPTIC INPUT

Aged PCs show shorter bursts in response to
excitatory and inhibitory input.

Figure 8: Responses of young and aged CA1 PCs to synaptic input,
which is only excitatory (top traces) or a combination of excitation and
inhibition (bottom traces.) PCs are bursting at theta frequency.
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