INDIRECT EVIDENCE: MILD ALZHEIMER’S DISEASE & CANNABIS
AFFECT THE SECOND STAGE OF FREE RECALL SUGGESTING
LOCALIZATION IN HIPPOCAMPAL CA1
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Recently it was shown explicitly that free recall consists of two stages: the first few recalls empty
working memory and a second stage, a reactivation stage, concludes the recall ([20]; for a review of
the theoretical prediction see [15]). Here it is shown that the serial position curve changes in mild
Alzheimer’s disease (AD) and acute cannabis usage — lowered total recall and lessened primacy — are
similar to second stage recall and different from working memory recall.

Since cannabis and AD affect the second stage of free recall, the intersection of the two localizes
the second stage of free recall to the CAl area of the hippocampus. Since the second stage of recall
uses a retrieval process that is accompanied by a linear rise in the error rate [18] this error generating
mechanism should give clues to the structure of the corresponding neural network.
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Introduction. Free recall, in which items in a list are displayed or read to subjects who
are then asked to retrieve the items, is one of the simplest ways to probe short term memory.
It is used in neuropsychological batteries to test for the presence of Alzheimer’s disease,
for example, MMSE, ADAS-Cog, FREES, CVLI, DWR, etc (for a review see [7]). The
corresponding serial position curve, the probability of recalling an item versus the order
in which the item was presented, is u-shaped: items in the beginning of the presented list
(primacy) and at the end of the list (recency) are more likely to be recalled than those in
the middle of the list.

It was recently shown explicitly that free recall is a well defined two stage process ([20];
this had been suggested before, for a review see [15]). In the first stage working memory
is emptied and in the second stage a different retrieval process occurs. Working memory
is responsible for recency (and some primacy for short lists) and the second stage recall
shows some primacy but no recency. In this paper I use a narrow definition of working
memory: the memory that keeps a number of items fully activated.

Let me summarize the relevant results from [20]: In Fig. 1a (Fig. 1b) is shown the
sequential serial position curves, one for each recall, of recalls 1-8 from the 10 word (40
word) free recall experiments of [14]. These curves show direct evidence for a two stage
process. By definition the first recall comes from working memory, and from the similarity
of the 2" and 3™ recalls these also come from working memory. The last three recalls all
appear the same and come from a second stage. Recalls 4 and 5 are a combination of the
two. In each recall is plotted a best linear fit which expresses the balance between recency
(positive slope) and primacy (negative slope). As we see the slopes go from primacy for
the emptying of working memory to recency for the second stage. Working memory can
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be seen as responsible for recency (consistent with previous work, see [11; 21]); primacy
comes from the secondary process though working memory adds the first items in the
shorter 10-2 list; together they create a u-shaped serial position curve.
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Fig. 1a. Recalls 1-4 (top panel) and 5-8 (bottom panel) for the 10 word list in the dataset [14].
The first three recalls are from working memory, last three recalls from second stage recall,
and the 4™ and 5" recalls are from a combination of working memory and second stage recall.

Figure is taken from [20]
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Fig. 1b. Recalls 1-4 (top panel) and 5-8 (bottom panel) for the 40 word list in the dataset of [14].
The first three recalls are from working memory, last three recalls from second stage recall,
and the 4™ and 5" recalls are from a combination of working memory and second stage recall.
Figure is taken from [20]
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The slopes as a function of recall are plotted in Fig. 2. The curve is a smoothed step
function, which separates the emptying of working memory from the second stage recall.
The midpoint of the step function indicates the capacity of working memory and is 4 for
the 10 word list and 4.5 for the 40 word list.
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Fig. 2. The slope of a linear fit to the serial position curves
for the 10 word list (upper panel) and the 40 word list (lower panel) data.
Positive slope indicates recency, negative slope indicates primacy.
Note the similarity to a step function.
The middle of the step function is a little higher than 4, corresponding
to the capacity of working memory. Figure is taken from [20]
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Fig. 3. Serial position curves for immediate free recall (left panel), for delayed free recall (middle panel)
and the change in the serial position curves between immediate and delayed free recall (right panel).
The total recall difference between immediate and delayed conditions is 1.6 words, much smaller than
the working memory capacity indicating an enhanced second stage recall. Figure is taken from [19]
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Let me summarize a relevant finding from [19]: If, after the presentation of the word
lists, the subjects are distracted by a delay before the free recall begins, this delay almost
completely removes the working memory component and somewhat enhances the second
stage recall (this had been suggested before [12]). This is shown in Figs. 3 and 4 using
word recall data from [13]. Note that the difference in serial position curves looks like
the letter “J” indicating that the working memory component is missing.
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Fig. 4. Slope of linear fit as a function of recall. Note the similarity
of the immediate curve to the rounded step function in Figure 2.
This characteristic is absent from the delayed curve.

This figure is taken from [19]

To summarize: recall from working memory has a large positive slope and looks like
the letter “J” while recall from the second stage has a small negative slope and is more
similar to a line. If working memory disappears, the difference in the serial position curves
looks like a “J” and if the second stage recall disappears, the difference in the serial
position curves will look like a line with a negative slope.

Now let us examine the changes to the serial position curves in mild Alzheimer’s
disease (AD) and acute cannabis usage.

Results & Discussion. Mild Alzheimer’s disease changes the serial position curve so
that primacy disappears but recency remains the same [3; 6]).

The changes to the serial position curve are linear with a negative slope, indicating
that the second stage of free recall is affected the most.

In Fig. 5 is shown the difference in serial position curves between normal and
Alzheimer’s disease subjects calculated from [6] for a 10 word list. It can be fitted with a
line of negative slope and, accordingly, shows that memory from the second stage of recall
is missing. In Fig. 6, left panel, is shown the difference in serial position curves between
normal and very mild Alzheimer’s disease subjects from [3]. This can be fitted with a line
with a negative slope and also indicates that memory is missing from the second stage of
recall.

In Fig. 6, right panel, is shown the difference in serial position curves between very
mild and mild Alzheimer’s disease from [3]. This is not well fitted with a line with a
negative slope but seems to indicate more of a constant shift. Since the slope is not strongly
positive nor looks like a “J”, most of the loss presumably still comes from the second
stage of recall with a minor component of working memory included.
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Fig. 5. Change in serial position curve between normal
and Alzheimer’s disease group in [6].
The negative slope implies that the second
stage of recall is affected
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Fig. 6. Change in serial position curve from normal to very mild AD (left panel) and from very mild to mild AD
(right panel) using data from [3]. The former shows a line with a negative slope implying that the second stage
of recall is affected. The latter shows a line with more spread which presumably implies that the second stage

of recall is affected with some losses also occurring in working memory

This finding, that mild Alzheimer’s disease damages the second stage of free recall,
is consistent with the fact that the delayed free recall test in the MMSE is much more
sensitive than the immediate free recall test in which the same items are used [1-2]. Since
[19] showed that delayed free recall removes the working memory component of free
recall, the delayed test specifically tests the second stage of recall. In addition, since [20]
showed that the working memory component takes up the first 3-4.5 items of free recall,
the MMSE immediate free recall test only probes the working memory component which,
initially, is not damaged by Alzheimer’s disease, consistent with [1].

Acute effects of cannabis were reviewed [10; 16]. The effects on free recall occur when
the learning of the list takes place while the subject is intoxicated. Typically, the effects
on the serial position curve were thought to include depressed recall probabilities for all
items but the last. An actual plot of the difference of the free recall data in [8] reveals a
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linear dependency with a negative slope (see Fig. 7). This indicates that the loss comes
from the second stage of recall.
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Fig. 7. Change in serial position curve from acute
cannabis usage using data from [8]

Males, Cohort 1 Males, Cohort 2
1.4 L 2 1.4 L 2
1.2 ¥ 1.2 *
(C:? 1 * R4 : .’e’ E 1 }‘/b
g 0.8 . g 0.8
% 0.6 0’ : ’0’0 * % 0.6 ’: *
o4, e  y=1E-05x+0.8348 04 0.0003x- 1.2604 ¢
0.2 R2=0.0005 0.2 R2=0.1274
0 0
5000 6000 7000 8000 9000 5000 6000 7000 8000 9000
Hippocampal volume Hippocampal volume
Females, Cohort 1 Females, Cohort 2
1.4 * 1.4 R
1.2 1.2
(=«3 1 % 1
2 0.8 2 0.8
g 06 g 06 . *e
= 0.4 y=0.0002x - 0.314 = 0.4 y =0.0004x — 1.8263
0.2 R2=0.1611 0.2 R2 = 0.2739
0 0
5000 6000 7000 8000 9000 5000 6000 7000 8000 9000
Hippocampal volume Hippocampal volume

Fig. 8. Delayed total free recall as a function of hippocampal volume using data from [5]. Cohorts 1 and 2
were differently recruited subjects. The volume displayed is the hippocampal grey matter volume in mm?
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The two stages of free recall must have locii in two different structures of the brain
since only the second stage is affected by acute cannabis use and by mild AD. The second
stage of recall presumably exists at the intersection of locations affected by cannabis and
AD. There are two known cannabinoid receptors, CB1 and CB2, and CBI1 is particularly
highly concentrated in the dentate gyrus, CAl and CA3 regions of the hippocampus [17].
AD cognitive deficits are thought to originate in the hippocampal region where the CAl
subfield is damaged first [4], thus pointing to hippocampal CA1 as the location of the
second stage of free recall. There is a weak positive relationship between hippocampal
volume and delayed total free recall in normal subjects (Fig. 8, data from [5]) and a strong
positive correlation in subjects with Alzheimer’s disease for both immediate and delayed
free recall but no such correlation for the parahippocampal gyrus or the temporal neocortex

[9].

A testable prediction of this placement would be whether the CA1 area of hippocampus
supports a retrieval mechanism that creates errors proportional to the time spent retrieving
items [ 18], this is different from the long term retrieval mechanism which does not include
such a rise in the error rate.
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KOCBEHHbIE LOKA3ATEJIbCTBA JIOKAJIUSAL UM BTOPOM
CTYNEHW CBOBOAHOIO BOCNPOU3BEAEHUSA
N3 KPATKOBPEMEHHOW NAMSATU B OBJIACTHU
CA1 TMMNMNOKAMINA

IOmxun TapHoy

Asanon buznec Cucrem
18-11 P3063pH Poao, ®aiip Jloyn, Horo Jxucepcu 07410, CIIA

B npenpinymux uccienoBanusix [15; 20] 6610 000CHOBaHO U MOKa3aHO, YTO BOCIIPOU3BEACHUE
“HMOpMaMK U3 KpaTKOBPEMEHHOM NaMSITH BKJIIOUAET IBE CTYNEHU: TIEPBbIE €AMHULIBI BOCIIPOU3-
BOJISITCSI U3 «OITyCTOIIAIONIENCSI» OTIEPAaTUBHOM MaMsITU, BTOpasi CTYIIeHb BOCIIPOU3BEACHUSI UMEET
XapakTep peakTuBalMu. B naHHOI cTaThe MoKa3aHo, YTO MOC/eloBaTebHbIe UI3BMEHEHUs KPUBOM
BOCIIpOM3BeIeHNs] MH(pOpMaLIMK TIpU yMepeHHoM 6oj1e3HM AnblreiiMepa (BA) u 3HauuTEIBHOM
yIoTpeOJeHU MapuxyaHbl — CHMXKEHUE OOLIEro KOoJUyecTBa BOCIIPOU3BENEHU U YMEHbILIEHNE
addeKTa MepBUYHOCTH — TOXO0XM Ha XapaKTep BOCITPOU3BeIeHUsI MTH(DOpMAaIIMK Ha BTOPOI CTyre-
HU ¥ OTJIMYAIOTCSI OT BOCIIPOU3BEAEHUS U3 padoueii mamsaTu. Tak Kak yrnoTrpebjaeHre MapuxyaHbl U
BA BIUSIOT Ha BTOPYIO CTYIIEHb CBOOOHOTO BOCIIPOM3BEACHMSI, TTPEATIONOXUTEIbHO, 3Ta CTaIMs
BOCMpousBeaeHUsI cBsi3aHa ¢ obaacThio CAl runmnokamma. [TockonbKy Ha BTOPOM 3Tare BOCIIPOU3-
BEIEHMS MCITOJIb3YETCS MPOLIECC U3BJIeUeHUsI MH(OPMaLIMU, KOTOPBIiA COIMPOBOXIAETCS JIMHEHMHBIM
POCTOM YacTOTHI OIIMOOK [18], 3TOT MexaHM3M reHepUPOBaHUSI OIITMOKY JOJIKEH ITOMOYb ITOHSThH
CTPYKTYPY COOTBETCTBYIOIIEH HEMPOHHOM CETH.

Kirouesbie ciioBa: yMepeHHast 00Jie3Hb AJIbLreiiMepa, MapuxyaHa, KOHOIUISA, CBOOOIHOE BOC-
[MPOM3BEIEHIE U3 KPAaTKOBPEMEHHOM TaMATH, pabodast IMaMsITh, KPAaTKOBPEMEHHAS ITaMSITh
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