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Beggs, John M., James R. Moyer, Jr., John P. McGann, and could act to prevent both delayed and sustained firing
Thomas H. Brown. Prolonged synaptic integration in perirhinalsynaptic inputs. Here we used visually guided, whole ¢
cortical neurons] NeurophysioB3: 32943298, 2000. Layer Il/lll of recordings from rat PR layer II/Ill, which is known to contai
rat perirhinal cortex (PR) contains numerous late-spiking (LS) PY"Rumerous LS pyramidal neurons (Faulkner and Brown 199

midal neurons. When injected with a depolarizing current step, th%?\ile trains of synaptic stimuli were delivered to layer

LS cells typicallydelay spikingfor one or more seconds from the ff ts. Th . tal fi hether | I
onset of the current step and thaustain firingfor the duration of the afrerents. Ihe experimental question was whether layer

step. This pattern of delayed and sustained firing suggested a spe@¥tamidal neurons can exhibit delayed and sustained firing
computational role for LS cells in temporal learning. This hypothesf§ains of synaptic inputs produced by repetitive electrical sti
predicts and requires that some layer 11/11l neurons should also exhiblation of layer |. Preliminary results have been presented
delayed and sustained spiking in response to a train of excitat@pstract form (Beggs et al. 1997).

synapticinputs. Here we tested this prediction using visually guided,

whole cell recordings from rat PR brain slices. Most LS cells (19 of

26) exhibiteddelayed spikingo synaptic stimulation (>1 s latencyMETHODS

from the train onset), and the majority of these cells (13 of 19) also _ . .

showedsustained firinghat persisted for the duration of the synaptic Brain slices from 12- to 32-day-old Sprague-Dawley rats we

to

<l

9),

train (5-10 s duration). Delayed and sustained firing in responseRgpared and maintained as previously described (Moyer and Br
long synaptic trains has not been previously reported in vertebrdf@98)- Whole cell recordings were made from layer II/lll pyramid
neurons. The data are consistent with our model that a circuit cdiurons in horizontal slices (300-4Qam) containing perirhinal
taining late spiking neurons can be used for encoding long tin§@rtex (corresponding to plates 98 to 100 of Paxinos and Wat
intervals during associative learning. 1998) limited by the rostral and caudal extent of the lateral amygd
(approximately—2.4 to —4.8 mm posterior to bregma). Layer Il/IlI
PR pyramidal neurons were visualized and identified with infrar
filtered, video-enhanced DIC optics (Moyer and Brown 1998; Xia
INTRODUCTION and Brown 1998).

) o ) . ) Recordings were done at room temperatur@4°C) in physiolog-
Previous work on perirhinal cortex (PR) identified pyramidatal saline containing (in mM) 124 NaCl, 2 KCI, 2 CaCR MgSQ,,
neurons in layer II/lll that generateldng delaysto initiate 1.25 NaHPQ,, 26 NaHCQ, and 10p-glucose, pH 7.4, 290 mosmol
spiking when injected with depolarizing current step$he electrophysiological methods are described in detail elsew}
(Faulkner and Brown 1999). Following the initial delay, theséMoyer and Brown 1998). Patch pipettes (~4W) were filled with
late spiking (LS) neurons also exhilsitistained firingduring  (in mM) 120 K-gluconate, 10 HEPES, 1.0 EGTA, 20 KCl, 2.0 MgCl
the current step, in contrast to the strong accommodation mltgrfgall\]?i;r\gs‘ \?V-gri ’:]egc;gr-lt—jzdz?s(i)r;gp2n7é3§§870;r22?(0n|;3?2;10iDEl:nc‘:l

commonly seen in regular spiking (RS) cortical cells (McCor; .. o -
mick et al. 1985). The intrinsic firing properties of LS neuronfer’ filtered at 3 kHz, digitized at 44 kHz, stored on VCR tape, a

in PR bined with thei ircuit-l | .~~~ analyzed using custom software written for Igor Pro. All voltag
In » combined with their apparent circuit-leve Organ'zat'OQvere corrected for a-10-mV liquid junction potential between the

gave rise to a model of how these cells might be used j3ih and the gluconate-based patch pipette solution (Neher 1993

cortical circuits to process temporal information (Tieu et al. The responses of perirhinal layer II/1ll pyramidal neurons to bajtts

1999). In particular, the cellular anatomy and neurophysiologgmatic current injection and trains of synaptic inputs were evalual
suggested that LS neurons might be organized into delay lin&gh current injection, neuronal firing characteristics and subthre
that are capable of encoding intervals of seconds to tensof membrane responses were examined. Current-voltageréla-
seconds. tionships were constructed by injecting small hyperpolarizing &
An untested prediction of our model is that these LS neurofgPolarizing current pulses (<25 pA) that resulted in small voltg)
can also exhibidelayed and sustained firinig response to €XCursions (<10 mV) from the resting membrane potential. H
synapticinputs. Several factors could preclude delayed aﬁnses within this restricted range of linear and symmetrical volt

ined firi LS . in of cursions were used to obtain the neuronal input resistanpgea(t
sustained firing of LS neurons in response to a train of synapfie time constant of the membrane voltage responsg The value

inputs. For example, conventional feed-forward or feedbagkr  was calculated from the slope of the best-fitting linear regrg
synaptic inhibition, activity-dependent synaptic depressiogion equation (least-squares criterion). The time course of the m
and the presence of certain voltage- or calcium-depend®rdne voltage response to small current steps could always be
conductances on the postsynaptic dendrites (cf. Magee 199@)roximated by an exponential function with a single time const

(least-squares criterion). Values gf were taken from either single|

The costs of publication of this article were defrayed in part by the paymeRtISes or averages of 10-20 pulses.

of page charges. The article must therefore be hereby marked “advertisementCells were studied only if they had a healthy visual appearafce

in accordance with 18 U.S.C. Section 1734 solely to indicate this fact. =~ (Moyer and Brown 1998), an uncorrected resting membrane poter
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of —60 mV or more negative, an input resistaned20 M(), and of the two cell types were indistinguishable (summarized

overshooting action potentials. Layer Il/lll pyramidal neurons werggple 1). A notable exception ig,, which was slightly but

first determined to be LS or RS based on their response to depo@@nificamly larger in the LS than the RS neuromns=( 3.2,

izing current steps (Faulkner and Brown 1999). In response to ?FT: 53, P < 0.005; unpaired). FigureClshows examples of
I3

prathreshold current steps, LS neurons in PR commonly delay ,
onset of their spike trains for 1 s or longer and continue firing for the averaged responses to smalll0 pA) hyperpolarizing

duration of the current step. In contrast, RS cells fire relatively soGh/[T€Nt Steps and semilogarithmic plots that illustrate single-

after onset of the current step and often exhibit strong accommodat@Ponential fits to data from both a RS and a LS cell.

that terminates firing in spite of maintained depolarization. LS neu- Figure 1D highlights two key aspects of a LS neurondl
rons tend to exhibit less accommodation and can even show “amtisponse to arolonged(60 s) depolarizing current step. First

accommodation” (Faulkner and Brown 1999), a progressive accelgig beginning of spiking is clearlgelayedfrom the onset of

ation in the firing rate, during the early part of a current step. e cyrrent step. In this case the delay is more than 2.3 s
Synaptic inputs were evoked using a concentric stimulating elec- !

trode whose 25@:m diameter tip was positioned into PR layer I, . o : .
which contains afferents to layer I1/lll pyramids. Before studying thinitiated, it is sustainedfor the duration of the current step
effects of synaptic trains, we first explored the responses to individi#hich lasted for 60 s in this example. Late spiking cells oft
synaptic inputs (under current-clamp conditions) to getaseline exhibit anti-accommodation early in the spike train (slig

stimulation intensity(using monophasic current pulses of 0.2 msendency seen in Fig. 1Apttom right trace) (see also Faulknefr
duration). The stimulation intensity was gradually increased until 8{hq Brown 1999), but mild accommodation is typically evideh
later in the spike train (Fig.d). By contrast, RS cells tend tg
sshgw spike frequency accommodation throughout the sp|

excitatory postsynaptic potential (EPSP) o2 mV amplitude was
evoked.

The response of the postsynaptic neurons to long sequences ( |
s) of EPSPs was examined by passing a train of 100—200 monoph&n (Fig. 1A,bottom left trace).
current pulses (0.2 ms duration/pulse) through the stimulating elec-When given a suprathreshold train of synaptic inputs, m

trode at 20 or 25 Hz. These trains were repeated at 30-s intervals, eaghcells (19 of 26) fired their first action potential more than 1

time increasing the stimulation from the baseline intensity until affter the onset of the synaptic train; that is they exhibit

least one action potential was produced in the postsynaptic neurggjayed spikingo synaptic stimulation. This delay is an ord

thereby determining the threshold for synaptically produced ortha
dromic spiking in response to a long train. Once the threshold w.
found, the stimulation intensity was gradually increased to determi

whether trains of EPSPs could produce sustained repetitive spikin g A .
the postsynaptic neurons. P P P 0 pulses at 20 Hz) is illustrated in FigA2This set of traces

shows the response of an LS cell to trains of progressiv
larger synaptic inputs. In theottom two tracesthe synaptic
RESULTS stimulation was subthreshold for eliciting spiking in the pyr

midal neuron. In theop tracethe synaptic stimulation elicited

Whole cell recordings were made under current-clamp Copspetitive spiking that began 4.2's after the onset of the tr
ditions from 61 layer Il/lll pyramidal neurons as previouslyng continued for the duration of the train.

f magnitude longer tham,, the average value of which wa
§ ms in LS cells (Table 1; see also FigsAlandD, and 2A).

neurons, a subset of 42 neurons was subjected to an extengigulation and then tended to show rapid accommodat
experimental protocol that included stimulation of synaptig-jg. 2B). Thetop andbottomvoltage traces in Fig. 2Bhow,

inputs to the neuron. respectively, the membrane response to supra- and sub-thi

_ Figure 1 compares some general features of LS and RS cefi§ trains of synaptic inputs. In both cases, the onset of
in response to depolarizing and hyperpolarizing current ste@gnaptic train caused an abrupt depolarization, but it was
By definition, RS cells fired early in response to a depolarizing,stained. Thensetof synaptic stimulation also caused a
current step, whereas LS cells fired late (Fl.g_).10n the other abrupt depolarization in LS cells (FigA2 A notable differ-
hand, most of the subthreshold electrophysiological propertiggce petween cell types was that the depolarization in

. neurons was sustained for the duration of the synaptic tr
TABLE 1. Summary of membrane properties of layer II/11] (Fig. 2A)

pyramidal neurons in rat perirhinal cortex In contrast to the rapid depolarization observed at the on

of synaptic stimulation, theéermination of stimulation was
followed by aslow relaxatiorback to the resting potential (Fig

Cell Classification

Total LS neurons RS neurons 2A). This did not occur when a depolarizing current step W

_ used to fire the cell. In the latter case, termination of the curr

Resé'tg%t?;le”r‘nb\;a”e 183+ 05 779+ 08 8.9+ 0.7 step was followed by a rapid relaxation of the membra
Input resistance, MO 3081+ 178 3260+ 227  281.a- 272  Potential back to the resting level (Fig.A,andD). In the LS

7., MS 693+ 3.1 76.8+ 4.1* sg.1+ 3.6¢ Cellillustrated in Fig. A, the decay time constant following &

Spike threshold, MV  —49.8+ 0.6 —49.3+ 0.7 -50.6+ 1.0  suprathreshold current step was 92 ms, whereas the decay

Spike overshoot, mV 285 14 27.8+ 2.1 29.6= 1.8 constant following synaptic stimulation was 504 ms. The

Values are means SE. Total number of cells is 55; number of LS neuronsdlfferer]CeS were reflected in the group data. In 12 LS cells ¢

is 33 and RS neurons is 22. LS and RS refer to late spiking and regular spikﬂéowed delayed and sustained spiking to a synaptic train,

neurons;t,, is the time constant of membrane voltage response, is Mmean decay time constants following a suprathreshold curfent

significantly larger in LS cells than in RS celB,< 0.005. step and a synaptic train were 7634 6.6 and 405+ 74.1

We have seen delays as long as 19 s. Second, once spikifg i

example of delayed firing to a long (7.5 s) synaptic tra
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Fic. 1. Characteristics of regular spiking
(RS) and late spiking (LS) neurons in layer Il/Ill
of rat perirhinal cortexA: RS neurons typically
begin firing at a short latency following onset o
a depolarizing current step (tof0 pA; bottom,
35 pA) and accommodate strongly. In contras
LS neurons begin to fire at a long latency fol
lowing onset of a depolarizing current step (tog
45 pA; bottom,50 pA) and show sustained firing.
Notice how the spikes tend to be added from le
to right in the RS cell and from right to left in the
LS cell as the size of the current step is increas¢
B: current-voltage (I-V) plots of RS and LS cells|
Input resistance was calculated from the slope
the line where symmetrical voltage responsg
were elicited in response to small (<25 pA
hyperpolarizing and depolarizing current injec

tions. C: time constant of membrane voltage ref

sponsef,,) of RS and LS cells. An average of 20
voltage responses elicited using a 10-pA hype
polarizing current injection was used to calculat
T D: an LS cell that sustained firing for more
than 55 s after an initial delay of 2.3 s following
the onset of a depolarizing current step from
resting membrane potential 6f90.7 mV. Data
in A-C are from the same cells, membrane pd
tentials: RS,—78 mV; LS, —81 mV.

(mean= SE), respectively, a difference that was statisticalljnore gradual depolarizing ramp until the spike threshold w
significant (t= 4.43, df= 11,P < 0.005; paired comparisons).reached. Once above threshold, most LS neurons contin
firing for the duration of the synaptic train or current ste
Computer simulations have shown that this type of delayed and
prolonged synaptic integration can theoretically furnish a cq
This is the first demonstration of delayed and sustaineenient and robust platform for interesting forms of tempo
spiking in response to trains of synaptic inputs in vertebragmcoding (McGann and Brown 2000; Tieu et al. 1999).

DISCUSSION

neurons. The response of these cortical neurons to trains oThese interesting results naturally raise numerous quest
synaptic inputs was similar in certain respects to their resporregarding the ionic mechanisms underlying the late spiki
to a depolarizing current step (compare FigAlandD, with  firing pattern we observe. Recall that small current injectio
Fig. 2A). The initial rapid depolarization was followed by groduced a rapid membrane voltage response that could
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20 mV
ﬁm%%% I's FIG. 2. Responses of LS and RS neurons to sy

aptic trains produced by electrical stimulation o
layer | afferents.A: delayed response of an LS
neuron to synaptic stimulation. Three differen
strengths of repetitive synaptic stimulation (15
pulses at 20 Hz; 7.5 s) are shown, one of which w
B just above spike threshold. Notice the long delg
(>4 s) before the cell fired its first action potentia
and that once it began the cell continued firing fd
the duration of the synaptic trairB: typical RS

neuron that quickly reached threshold and rapid
accommodated during the synaptic stimulation (14
pulses at 20 Hz; 5 s).
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well fit by a single exponential (Fig. 1; Table 1). However1999) and large LS pyramids in layer V (Moyer and Brow
larger current injections seemed to recruit additional ionimpublished observations). These three cell types are mory
conductances. The initial rapid membrane response in LS céfigically quite distinct and are all contained within our sta
was followed by a graduadepolarizing ramp(Figs. 1Aand dard horizontal brain slice of perirhinal cortex. It will bg
2A). In hippocampal and striatal neurons, a similar ramp hemeresting and informative to compare quantitatively thé
been suggested to result from a slowly inactivating potassidiring properties and to examine possible similarities and d
conductance that is blocked by 4-aminopyridine (4-AHgrences in their pharmacology and ionic conductance med
(Nisenbaum et al. 1994, 1996; Storm 1988). nisms.

The conductance mechanism could be similar in perirhinal LSThe presence of LS neurons in PR layer Il/lll, combing
cells, but there are two apparent differences. First, LS perirhinaith their axonal projections (Faulkner and Brown 1999), ha
cortical neurons do not require a strong hyperpolarizing prepulsgggested some interesting computational possibilities.
to exhibit delayed spiking, in contrast to findings in hippocampugoups of these cells were connected in series, they could f
(Storm 1988). Second, the delays we see in LS perirhinal neurams array of delay lines capable of encoding and learn
are many times longer than those reported in striatal neurdamporal relationships on the order of seconds to tens
(Nisenbaum et al. 1994). Previous voltage-clamp experimestconds (McGann and Brown 2000; Tieu et al. 1999). Beca
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performed on LS perirhinal neurons revealed a slowly developib& cells can show sustained firing for tens of seconds, tf
inward current when the membrane potential was stepped fromght also play a role in maintaining temporary stimuld
the resting potential to a just-subthreshold potential (Faulkner argghresentations when incorporated into the appropriate re

Brown 1999). This inward relaxation, which has a time coursent circuit architecture (Tieu et al. 1999). Consistent with thi

similar to the depolarizing ramp mentioned above, could reflecpassibility, single-unit recordings from rat PR have reveal

slowly inactivating potassium conductance. Although we have nmturons that are tonically active during ttielay periodof an

yet fully studied the pharmacology of this ionic current, prelimiedor-guided, delayed nonmatching-to-sample task (Young

nary results indicate that bath application of 4-AP blocks both tlaé 1997).

depolarizing ramp and the delayed spiking in perirhinal LS neu-

rons (Moyer e_t a_l' 2000)' . . .. This research is part of a dissertation submitted to the Psychology Deg
These preliminary findings encourage a full investigatiofent, Yale University, in partial fulfillment of the requirements for the Ph

into the ionic mechanisms responsible for the firing propertigsgree of J. M. Beggs.

of LS neurons in perirhinal cortex. To date, we have observed?": "éork was Zulgggﬁlesdggg’;gﬁgi‘a' '”Stgm‘tes OffHﬁa“hr?fatnt% RF?1M505

at Ieas_t_three different types of LS Ce!ls n _rat perirhinal Cortegs \;vel.l argm:l;\n Zr;tional Science Four(l%c;ior?cpcr)(re?iogtc?rgls f(lapl)l)ovc\)/sﬁip-too\{

In addition to the LS layer 1I/11l pyramids discussed here, thefig.gann.

are also small LS “cone cells” in layer VI (Faulkner and Brown Present address of J. M. Beggs: Laboratory of Systems Neuroscience,
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